Abstract Hydrogels belong to the group of polymers that recently become more and more popular. This is a result of unique properties of the mentioned materials such as biocompatibility, biodegradability as well as a great sorption capacity. Combination of such polymers with gold nanoparticles results in the preparation of innovative materials that can be applicable in wide range of areas with special emphasis on medicine. In present publication series of chitosan based hydrogels modified with gold nanoparticles were prepared. These materials were subsequently characterized by a number of physicochemical analysis concerning determination of cytotoxicity to epidermal cells. Based on these research it can be concluded that hydrogels containing small quantities of gold nanoparticles do not exhibit toxicity in relation to these cells. Furthermore, it can be said that addition of nanogold into hydrogel resulted in a decrease of its porosity as well as in a slight decrease of the sorption capacity of materials tested. Prepared polymers were characterized by biocompatibility in relation to simulated body fluid. Proposed hydrogels constitute an interesting type of materials that could be potentially considered for biomedical use.
Introduction
Hydrogels belong to the group of biocompatible, biodegradable, non-toxic polymers widely applied in medicine and pharmacy. Physicochemical properties of these materials depend on the type of compound used for a hydrogel matrix preparation. For synthesis of hydrogels polymers such as poly(acrylic acid), poly(vinyl alcohol), poly(2-hydroxyethyl methacrylate) or poly(ethylene glycol) are applied [1, 2] . The most popular is poly(acrylic acid). However, this organic compound is corrosive and has a harmful impact on the environment [3] . Therefore, some alternative materials that could constitute a hydrogel matrix have been considered.
Attention has been directed to the application of compounds belonging to the group of proteins or polysaccharides. One of them is chitosan. It is a naturally occurring polysaccharide that is characterized by biodegradability and low toxicity [4] . Moreover, versatility and biological compatibility are very interesting features of the described biopolymer. Besides, from a medical point of view, chitosan does not provoke an immune response. It is worth underlining that discussed material is the second, after cellulose, most plentiful biopolymer of natural origin. Due to all mentioned above properties of polysaccharide, chitosan could be applied as a component of a system used for drug delivery administered by oral or subcutaneous injection [5, 6] . Recently, Bhattarai [7] reported an application of hydrogels derived from chitosan as systems for controlled, localized drug delivery. Described polysaccharide, a material that does not cause inflammation and is not characterized by an immunogenicity, can be used for subcutaneous drug delivery systems [8] . Hydrogels based on chitosan have been also used in the antitumor therapy. Hydrogels are loaded with radioisotopes and then inserted into the place affected by cancer that is subsequently treated with an X-ray [9] . The use of such a system slows down the growth and progression of tumor, and in most cases prevents its metastasis. That was demonstrated by conducting studies on mice with breast cancer. Such a system has been also used in therapy against a tumor of the brain [10] . Moreover, hydrogels based on chitosan have also been used in the form of dressings stimulating acute wound healing. Such polymers have been applied for corneal wound healing [11] [12] [13] . Currently, many studies aim at preparation of composites of chitosan and nanomaterials. Such materials could be potentially used in many areas [14] [15] [16] [17] .
The aim of the present work was a modification of hydrogels based on chitosan by inserting nanogold particles. Nanogold particles are known from their antibacterial properties [18, 19] . This form of gold is widely used in the pharmacy and cosmetology. Furthermore, due to their ability to absorb radiation from the infrared range, these nanoparticles are applied in photo-thermal therapy used in cancer treatment. Gold nanoparticles have been also used as contrast agents and drug carriers [20] [21] [22] .
Materials
Chitosan, poly(ethylene glycol) diacrylate, hydrogen tertachloroaurate (III) trihydrate, sodium borohydride and 2-hydroxy-2-methylpropiophenon used for hydrogels preparation were supplied by Sigma Aldrich while gelatin and trisodium citrate were received from Avantor Performance Materials (formerly POCH SA). All compounds were characterized by analytical purity and applied without further treatment.
Experimental part Preparation of gold nanoparticles
Gold nanoparticles were obtained using chemical process [23] of reduction of hydrogen tertachloroaurate (III) trihydrate with sodium borohydride in the presence of trisodium citrate, acting as reducing and stabilizing agents [24] . Resulted concentration of gold nanoparticles amounted to 250 ppm.
Synthesis of hydrogels containing gold nanoparticles
Hydrogels on the basis of chitosan and modified with nanoparticles of gold have been synthesized using UV radiation.
The main synthesis consisted of several stages. Indicated in Table 1 amounts of chitosan and gelatin were dissolved in 0.05% solution of acetic acid and then a required quantity of solution containing gold nanoparticles (at a concentration of 250 ppm) was added to the whole solution. Then, 8 ml of poly(ethylene glycol) diacrylate (molecular weight Mn equal 700 g/mol) as a crosslinking agent and finally 0.25 ml of 2-hydroxy-2-methylpropiophenone as a photoinitiator were added. The whole mixture was subsequently exposed to UV radiation. Final materials were dried at room temperature and subjected to further analyses. Compositions of chitosan based hydrogels modified with gold nanoparticles are presented in Table 1 .
In Fig. 1 photography of prepared hydrogel sample is presented.
Such samples were subsequently subjected to further research in order to determine their physico-chemical properties.
UV-Vis spectroscopy
UV-Vis spectroscopy measurements (330-700 nm) were performed using a Specord 205 at room temperature with a 1-cm optical length cuvette and a spectral resolution of 1 nm.
Studies on sorption capacity
For this purpose dried and weighed materials were immersed respectively in distilled water and in simulated body fluid (SBF, solution at pH = 7.40) composed of ions having concentrations close to concentrations of ions present in human blood plasma). Samples, after immersion in solutions for 1, 24 or 72 h, were separated from the solution in the swollen state and weighed. Sorption capacity was determined by swelling ratio (Q, g/g) calculated from the equation:
where: w -hydrogel weight in a swollen state [g], w 0 -hydrogel weight before swelling [g].
Incubation studies
Incubation studies have been carried out in order to determine a behavior of synthesized materials in selected liquids by checking pH. Samples of hydrogels were incubated in distilled water and in simulated body fluid (SBF) for a period of about three weeks. Research was conducted at 37°C. pH value was measured every two days. Determination of cytotoxicity using XTT assay is based on evaluation of enzymatic activity of mitochondrial dehydrogenase-enzyme that is active only in the living cells. The (2,3-bis(2-methoxy-4nitro-5-sulphophenyl)-5-[phenylamine)carbonyl]-2H tetrazolim hydroxide), defined as XTT reagent, after being added to the cell culture, undergoes reduction to azure formazan by mitochondrial dehydrogenase present in the living cells. Subsequently, the amount of formazan that determines the amount of living cells is defined by colorimetric measurements.
Scanning electron microscopy (SEM)
SEM (Scanning Electron Microscopy) analyses were performed using Helios NanoLab H50HP equipment. Sputtering samples with carbon was performed at an uniform rate. The carbon layer was approximately 15 nm.
Results and discussion

UV-Vis analysis
The presence of nanogold suspension was confirmed by UVVis spectroscopy (Fig. 2) . The optical response of metal nanoparticles is often characterized by the presence of a strong absorption peak that is usually absent in the corresponding spectrum of the bulk metal. This is attributed to a resonance in the collective motion of the conduction electrons in response to an electromagnetic field and is called the localized surface plasmon resonance. According to the literature the distinct absorption peak from the surface plasmon of the gold nanoparticles should be located between 510 and 530 nm [20] . In the obtained UV-Vis spectrum (Fig. 2) the maximum absorbance has been recorded at 521 nm. This result indicates that by chemical process [21] , based on the reduction of hydrogen tertachloroaurate (III) trihydrate with sodium borohydrate in the presence of trisodium citrate, nanogold particles have been synthesized.
Sorption capacity of hydrogels
Sorption capacity calculated from swelling ratio after immersion of samples in selected liquids has been presented in Fig. 3 .
Swelling process involves absorption of liquid by a material immersed. Hydrogels are materials that are characterized by a particularly large sorption capacity. That is related to the chemical structure with large amount of crosslinked polymer chains. In a dry state this structure is tightly coiled, while in contact with solvent undergoes changes. Water penetrates into the interior of the hydrogel network, and interacting with hydrophilic groups results in their dissociation. Therefore, formation of ions with numerous electrostatic interactions such as repulsion increases the distance between the polymer chains and consequently results in loosening of the polymer network.
All prepared hydrogels were characterized by relatively high swelling ability. Introduction of nanogold into hydrogel matrix resulted in slight decrease of sorption capacity -swelling ratios calculated for unmodified hydrogels had slightly greater values in the case of the majority of samples. It is probably a consequence of chelation of some functional groups by gold nanoparticles in the polymer network. Chelation of the hydrophilic groups restrains their interactions with water, thus hampers a loosening of polymer network. Therefore, higher sorption capacity was observed for hydrogels before addition of gold nanoparticles.
However, any relationship between swelling sorption and the amount of introduced nanogold was not observed due to the fact that hydrogels modified with gold nanoparticles suspension were characterized by a comparable swelling ability in both tested solutions.
It is worth mentioning that the lowest sorption capacity was observed after 1 h immersion. The swelling ability of the material was higher after 24 h and maintained on the same level for 72 h. 
Incubation studies
Results of incubation of the hydrogels in solutions have been presented in Fig. 4 . pH measurement in distilled water indicated that some balance between the interior of the hydrogel and the fluid in which the samples were immersed was possibly happening. Dry hydrogel after introducing into the distilled water begins to swell. Water absorption by the sample results in an elution of unreacted reagents. As mentioned above, the presence of gold nanoparticles restrains the interactions between the solution and the functional groups of the polymer network. Thus, limited absorption and limited elution were observed in case of samples modified with gold nanoparticles. During the consecutive days of incubation pH was maintaining at a comparable level oscillating around value of 7.0. At the end of the incubation time (22 days) pH value was 7.5.
In case of samples immersed in SBF pH values were also continuing to maintain at a very similar level and, what is important, fluctuations in pH values were smaller in comparison to those measured in distilled water. pH values measured in SBF solution quickly stabilized and established at the same level. It is very interesting and important information on the basis of which it is possible to attempt to try to determine the tested materials as biocompatible. Such information allows to further investigation of the obtained hydrogels for medical use. Moreover, conducted studies also give an information that during the incubation process a degradation of immersed samples was not observed. In the course of studies spikes or decreases of the pH values, which could indicate a degradation of the hydrogel, were not recorded.
Evaluation of cytotoxicity
& Determination of the cytotoxicity of hydrogel extracts towards epidermal cells using MTT assay.
Results of viability of epidermal cells (CCD 1106 KERTr) after 24 h culture in the presence of the extracts from the tested hydrogels prepared using the substrate based on KeratinocyteSerum Free Medium (Gibco 17,005-042) are presented in Table 2 . The research was conducted according to the MTT assay.
& Determination of the cytotoxicity of hydrogel extracts towards epidermal cells using XTT assay.
The results of viability of epidermal cells (CCD 1106 KERTr) after 24 h culture in the presence of the extracts from the tested hydrogels made of the substrate based on Keratinocyte -Serum Free Medium (Gibco 17,005-042) are shown in Table 3 . The research was conducted with the use of MTT assay.
Studies on cytotoxicity revealed that in case of the majority of samples tested any negative impact on epidermal cell was not observed. Based on the results of both XTT and MTT tests regardless on the extract concentration it can be concluded that hydrogels modified with 1 and 3 ml are not characterized by cytotoxicity to tested type of cells. However, hydrogels containing the highest amount of additive (5 ml) exhibit cytotoxicity. Probably it is due to the fact that nanogold solution in such amount has a negative impact on the cells however its significantly smaller amount does not affect the cells' survival. Therefore, sample with 1 and 3 ml will be subjected in the future to the more advanced studies. 
SEM images
SEM images presented in Fig. 5 illustrate surface morphology of the polymer matrix without any additive (Fig. 5a ) and the polymer containing 3 ml of nanogold (Fig. 5b) .
On the basis of SEM microphotographs it can be concluded that introduction of nanogold into hydrogel matrix clearly affects the surface morphology of the material obtained. The structure becomes less porous, more smooth and homogeneous. Modification of the hydrogel matrix with an excessive amount of additive would result in a significant reduction in the porosity of the synthesized material. That would be not beneficial due to the possibility of total disorder of physicochemical properties of the material including the swelling capacity.
Conclusions
A series of hydrogels based on chitosan containing gold nanoparticles have been obtained using UV radiation. Synthesized materials are characterized by a relatively low sorption capacity, which may be caused by chelation of functional groups by gold nanoparticles in the polymer matrix. Hydrogels obtained do not undergo the process of degradation in simulated body fluid. During incubation studies any sudden changes in the pH values of the solutions, which would be caused by a decomposition of immersed samples, were not observed.
On the basis of evaluation of cytotoxicity it was concluded that the most favorable results were obtained for hydrogels containing 3 ml of gold nanoparticles solution in 50 ml of polymer mixture. After 24-h exposure to the cells of epidermis, the majority of the tested materials have not demonstrated any cytotoxic properties. Hydrogel materials containing the highest amount of gold nanoparticles solution negatively affected on the tested cells in relation to the control cells -the value assigned by PN-EN ISO 10993-5: 2009. Therefore it can be concluded that hydrogels with smaller quantities of nanogold can be subjected to the more advanced studies. Furthermore, SEM analysis indicated that the addition of gold nanoparticles into the hydrogel resulted to some extent in reduction of the porosity of the material. In comparison to the sample without additives, those containing nanogold particles were characterized by higher homogeneity and smoothness. Present hydrogels constitute a very interesting materials for further studies and affect the development of fields such as nanotechnology or polymer technology as well as are potential components for the preparation of modern wound dressings. 
